Ketamine, an FDA-approved N-methyl-D-aspartate (NMDA) receptor antagonist, is commonly used for general pediatric anesthesia. Accumulating evidence has indicated that prolonged exposure to ketamine induces widespread apoptotic cell death in the developing brains of experimental animals. Although mitochondria are known to play a pivotal role in cell death, little is known about the alterations in mitochondrial ultrastructure that occur during ketamine-induced neurotoxicity. The objective of this pilot study was to utilize classic and contemporary methods in electron microscopy to study the impact of ketamine on the structure of mitochondria in the developing rat brain. While transmission electron microscopy (TEM) was employed to comprehensively study mitochondrial inner membrane topology, serial block-face scanning electron microscopy (SBF-SEM) was used as a complementary technique to compare the overall mitochondrial morphology from a representative treated and untreated neuron. In this study, postnatal day 7 (PND-7) Sprague-Dawley rats were treated with ketamine or saline (6 subcutaneous injections × 20 mg/kg or 10 ml/kg, respectively, at 2-h intervals with a 6-h withdrawal period after the last injection, n=6 each group). Samples from the frontal cortex were harvested and analyzed using TEM or SBF-SEM. While classic TEM revealed that repeated ketamine exposure induces significant mitochondrial swelling in neurons, the newer technique of SBF-SEM confirmed the mitochondrial swelling in three dimensions (3D) and showed that ketamine exposure may also induce mitochondrial fission, which was not observable in the two dimensions (2D) of TEM. Furthermore, 3D statistical analysis of these reconstructed mitochondria appeared to show that ketamine-treated mitochondria had significantly larger volumes per unit surface area than mitochondria from the untreated neuron. The ultrastructural mitochondrial alterations demonstrated here by TEM and SBF-SEM support ketamine's proposed mechanism of neurotoxicity in the developing rat brain.
Introduction
Accumulating evidence on the developmental neurotoxicity in experimental animals has brought into question the clinical safety of ketamine and other anesthetics used in the pediatric setting [1] [2] [3] [4] [5] [6] [7] [8] [9] . In rodents, the brain is most vulnerable to the toxic effects of ketamine during the period of rapid synaptogenesis, also known as the brain growth spurt, which occurs during early brain development and lays the foundation for ultimate brain architecture and function [10] . Prolonged exposure to high doses of ketamine during the brain growth spurt has been shown to cause abnormal levels of neuronal cell death in several brain areas, which may lead to neurodevelopmental disorders [11] [12] [13] [14] [15] [16] . Ketamine is a noncompetitive N-methyl-D-aspartate (NMDA) receptor antagonist, and the dysregulation of NMDA receptors has been hypothesized to be a key mechanism of ketamine-induced neurotoxicity in postnatal 7 (PND-7) rats. Blockade of NMDA receptors by ketamine T causes a compensatory upregulation of NMDA receptor subunits, resulting in a toxic influx of Ca 2+ . This Ca 2+ influx overloads the buffering capacity of the mitochondria and interferes with electron transport, resulting in an increased production of reactive oxygen species (ROS). The generation of ROS eventually triggers the release of cytochrome c into the cytoplasm and the activation of caspases, facilitating the cascade of apoptotic cell death [17] . Preliminary data support apoptosis as a mechanism of cell death induced by NMDA antagonists. In a ketamine dose-response and timecourse study, it was found that administration of relevant high dose (6 subcutaneous (s.c.) injections of 20 mg/kg ketamine at 2-h intervals) induced significantly increased apoptosis (nuclear fragmentation/condensation and caspase-3 activation) in neocortical areas, especially in layers II and III of the frontal cortex [18] . Furthermore, NMDA receptor NR1 subunit mRNA was prominent [18, 19] , and NR1 expression at the protein level was elevated [20, 21] . This was accompanied by elevated intracellular free Ca 2+ concentrations and substantial DNA fragmentation [20] . The roles of Ca 2+ and ROS in the apoptotic pathway were further supported by the co-administration of NR1 antisense oligonucleotides that attenuate the apoptotic response [21] , and the co-administration of L-carnitine (antioxidant) or 7-nitroindazole (neuronal nitric oxide synthase (nNOS) inhibitor) that protected against ketamine-induced cell death [20, 22, 23] .
Taken together, the current body of data does not provide specific and sufficient evidence of the toxic effects of ketamine on the mitochondria, even though it is known that the mitochondria play a pivotal role in the cell death pathways that are implicated in several types of neurodegeneration [24] [25] [26] . Mitochondria form a dynamic network within the cell, where they continuously fuse and divide to meet the metabolic demands of the cell, even during death [27] . It has been suggested that the topology of the inner membrane represents a balance between mitochondrial fusion and fission, with defects corresponding to an imbalance in the process (e.g., apoptosis) [28] . After treating HeLa cells with etoposide, Sun and coworkers observed five distinct transformations of the mitochondrial inner membrane using correlated three-dimensional (3D) light and electron microscopy (EM): normal, normal-vesicular, vesicular, vesicular-swollen, and swollen [29] . These inner-membrane topologies correlate with the physiological state of the mitochondria during the cell death process, that is, whether the mitochondrial membrane potential (ΔΨ m ) has been lost and/or whether cytochrome c has been released. For example, it was determined that significant swelling occurs only after loss of ΔΨ m and long after the release of cytochrome c in HeLa cell cultures [29, 30] .
Moreover, changes in overall mitochondrial shape and number due to a perturbation in the fusion/fission processes appear to accompany inner-membrane remodeling during apoptosis. In mammalian cells, mitochondria fragment into smaller units near the time of BAX translocation and cytochrome c release but before caspase activation [31] [32] [33] . Using confocal microscopy, it has been shown that control mitochondria appear elongated and interconnected. In contrast, apoptotic mitochondria appear globular, discrete, and in higher numbers [34] [35] [36] . In a study of ketamine treatment of cultured human neural stem cells, mitochondrial fission was roughly quantified by aspect ratio (i.e., length/width) and form factor (i.e. a measure of mitochondrial branching), and ketamine treatment significantly decreased both [35] . These characteristics of ketamine-induced mitochondrial fission have also been observed using transmission EM (TEM). Mitochondria in normal neurons were elongated with varying lengths of up to and over 4 µm, but after ketamine treatment, mitochondrial lengths were appreciably shorter (1-1.5 µm long), indicating mitochondrial fragmentation [37] .
The literature suggests that the ultrastructural features of mitochondria that are toxicologically relevant are inner-membrane (i.e., cristae) topology and overall mitochondria shape and number, the latter of which can be affected by mitochondria fusion or fission. Mitochondrial ultrastructure is best studied directly under the higher resolution afforded by EM. Although TEM has been used to distinguish inner membrane topologies with some success, one of the major drawbacks of conventional TEM is the inability to obtain 3D information from thin tissue sections which are in essence two-dimensional (2D). A relatively new EM method, serial block-face scanning EM (SBF-SEM), has the potential to bridge this gap [38] . A commercially available SBF-SEM system houses a fully automated, computer controlled ultramicrotome within the specimen chamber of a field emission SEM. Instead of imaging ultrathin sections on EM grids as in TEM, the SBF-SEM images the surface of the bulk sample using backscatter electron detection. After each scan is recorded by the computer, the sample block advances, and a diamond knife removes and discards a thin slice of sample (25-200 nm) . The freshly exposed face is then imaged, and the process sequentially repeated. This approach assembles a digital stack of aligned SEM images that can be processed to generate 3D reconstructions of data sets at the z-axis resolution set by the slice thickness (25-200 nm) in situ, and at the x-and y-axis resolutions set by the microscope magnification, scan size, and probe size [39] . SBF-SEM may help illuminate the link between inner membrane remodeling and mitochondrial fusion/fission [27, 28, 33, 40] , which in turn, can facilitate a deeper understanding of the apoptotic mechanisms associated with ketamine toxicity.
In the present work, TEM and SBF-SEM were utilized to study alterations in mitochondrial ultrastructure in the developing rat brain after ketamine treatment. TEM was used to observe inner membrane remodeling, and from obtained micrographs, individual mitochondria were graded based on cristae organization. SBF-SEM was utilized to obtain 3D reconstructions of single representative neurons and from the image stacks obtained using this approach, mitochondria were segmented and measured based on volume and surface area. It is hypothesized that toxic doses of ketamine provoke significant swelling of the mitochondrial inner matrix coupled with fragmentation of the mitochondrial network. Knowledge of the changes that are occurring in mitochondria may provide important insight into the key mechanisms underlying ketamine-induced neurotoxicity.
Materials and methods

Ketamine administration
Postnatal day 7 (PND-7) Sprague-Dawley rat pups (male and female, 12-18 g average body weight) were used to study ketamine-induced alterations in mitochondrial ultrastructure in the developing brain. All animal procedures were approved by the Institutional Animal Care and Use Committee of the National Center for Toxicological Research and conducted in full accordance with the Public Health Service Policy on Humane Care and Use of Laboratory Animals. The ketamine administration schedule was previously described [1, 18, 19] . Ketamine hydrochloride (Ketaset®, Fort Dodge Animal Health, Fort Dodge, IA) was diluted in LPS-free saline and the identity and purity confirmed using high-performance liquid chromatography (HPLC)/mass spectrometry (MS). Rat pups were randomly assigned to treatment and control groups. Pups were dosed subcutaneously with either ketamine hydrochloride (6 injections × 20 mg/kg at 2-h intervals) or saline (6 injections × 10 ml/kg at 2-h intervals) using a 30-gauge needle and were returned to their dam between injections to provide warmth and reduce stressors. A 6-h withdrawal period was allowed before animals were deeply anesthetized, followed by sacrifice via transaortic perfusion with a fixative solution of 0.9% saline, 2% paraformaldehyde, and 0.1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). The frontal cortex of the brain was removed with a pair of operating scissors to open the skull, divided into 1-mm 3 samples, and stored in the same fixative at 4°C before processing for EM.
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Frontal cortex samples were post-fixed in 2% osmium tetroxide in Sorensen's buffer for 1 h, dehydrated in an ascending ethanol series, and embedded in Epon/Araldite resin. Thin sections (70 nm) were cut using a Leica EM UC7 Ultramicrotome (Leica Microsystems, Wetzlar, Germany) and placed on 100 mesh copper grids (Electron Microscopy Sciences, Hatfield, PA). Sample grids were post-stained with premixed solutions of uranyl acetate and lead citrate (Ultrostain I and II, respectively, Leica Microsystems, Wetzlar, Germany) and examined at 80 kV using a JEOL JEM-1400 transmission electron microscope (JEOL, Tokyo, Japan). For each animal in the treatment (n = 6) and control (n = 6) groups, at least two samples per animal were prepared. Highresolution montages (4 ×4 montages at 5kX or 10kX magnification) were captured of randomly selected neurons (approximately 10 neurons per animal) from all the animals in both groups. The montages were recorded using a TVIPS F416 4k x 4k CCD camera running EMMENU 4.0 acquisition software (Tietz Video and Image Processing Systems, Gauting, Germany). Each perinuclear mitochondrion from 54 neurons for saline control treated and 60 neurons for ketamine treated animals was graded using a severity scale that was based on mitochondrial inner membrane topology [29] . The montages were graded first by a trained expert and later confirmed by another reviewer blinded to the treatment. Percentages of each morphology type for each treatment group were determined.
SBF-SEM
Frontal cortex samples (~0. England) using a gold-palladium target. The samples were imaged at 1.5 kV using a Zeiss MERLIN field emission SEM (Carl Zeiss Microscopy GmbH, Jena, Germany) equipped with the commercial SBF-SEM system, 3View2XP (Gatan, Pleasanton, CA). At least 10 µm of sample (zdirection) was imaged with a slice thickness of 50 nm at a pixel size of 5.8 nm in both x-and y-plane (i.e., the x:y:z voxel dimension is 5.8:5.8:50 nm). Using the Digital Micrograph software (Gatan, Pleasanton, CA), the resulting images were aligned using the built-in combined alignment filter before importing into IMOD. IMOD is a suite of programs used for tomographic reconstructions from EM data (The Boulder Laboratory for 3-D Electron Microscopy of Cells, University of Colorado, Boulder, CO). The images were corrected for local distortions in Etomo (IMOD) by using the blend montage tool, and once corrected, the images were imported into the Amira 3-D software platform (Thermo Fisher Scientific, Waltham, MA.). After attenuating noise using the median and non-local means filters, 3D volumes of mitochondria from single neurons were manually segmented and quantified in Amira 3-D (Thermo Fisher Scientific, Waltham, MA.). Surface area was plotted against volume for each mitochondrion in a control and treated cell.
Statistical analysis
For TEM, percentages of each morphology type in control and ketamine-treated samples were calculated and statistically evaluated by one-way ANOVA. Grader agreement was evaluated by calculation of Pearson's r.
To assess whether the linear relationship between surface area and volume of mitochondria differed between the control and ketamine SBF-SEM datasets, the data were modeled using a single statistical model that allowed for different intercepts and slopes for the two experimental groups. The model is given by: 
ii . In the latter model, the γ coefficient measures the difference in intercepts between ketamine and control and the interaction coefficient δ measures the difference in slopes between the two groups. The statistical model was used to assess two important null hypotheses. The first null hypothesis is that the intercepts are the same for the two treatment groups, or = H γ : 0.
0 Similarly, the second null hypothesis is that the slopes are the same for the two models, or
Primarily, all analyses were performed in R (www.r-project.org), except for the manual grading of TEM images used to produce Fig. 2 which was conducted using Microsoft Excel.
Results
Rat pups from both control and ketamine-treated groups survived the experiment well with ketamine-treated pups recovering soon after the experiment. Compared with control pups, no differences were observed-with treated pups recovering within minutes after the 12-h ketamine treatment.
Severity grading of mitochondria from TEM micrographs
Traditionally, characteristics of apoptotic cells, including alterations in mitochondrial ultrastructure, are confirmed qualitatively from TEM micrographs. The present study sought to quantify these alterations by describing the severity of mitochondrial damage seen in neonatal rat brain tissue after exposure to toxic levels of ketamine. Sun and coworkers have identified five sequential transformations of mitochondrial inner membrane topology after induction of apoptosis: normal, normalvesicular, vesicular, vesicular-swollen, and swollen [29] . Observations made from TEM micrographs of mitochondria from the neurons of the ketamine-dosed group confirm the presence of these five phenotypes. Representative TEM micrographs are shown in Fig. 1 . Normal mitochondria exhibit dense staining of the inner matrix with an intact outer membrane. Vesicular mitochondria exhibit an inner membrane enclosing separate vesicular matrix compartments and circular or rounded cristae throughout the mitochondrial body. Swollen mitochondria exhibit expanded matrix space, lack of staining of the matrix, and fragmented or disorganized cristae. Normal-vesicular and vesicular-swollen mitochondria are simply hybrids of the aforementioned types. All of the perinuclear mitochondria present in a thin section of each cell (i.e., 70 nm) were graded by two independent graders based on inner membrane topology, and percentages of each mitochondrial phenotype were calculated ( Fig. 2A) . Between the two graders, 2152 total mitochondria were counted in 54 sections of control cells derived from 6 rats at approximately 10 cells per animal, along with 2568 mitochondria counted in 66 sections of ketamine-treated cells from 6 rats at approximately 10 cells per animal. In ketamine-treated samples, swollen mitochondria represented a significantly higher percentage of the total mitochondria present compared to control samples (42% versus 13%, respectively, p = 0.0004). In addition, normal-vesicular and vesicular mitochondria comprised smaller percentages (12% versus 27%, p = 0.004% and 6% versus 21%, p = 0.001, respectively) in ketamine-treated samples. In general, the distribution of mitochondria in ketamine-treated samples was skewed toward the swollen phenotype, while for control samples, the phenotypes were more or less evenly distributed across all types.
Grader agreement was evaluated by calculation of Pearson's r. The raw percentage values for each grader were plotted against each other, and a linear function was fit to the data (Fig. 2B) . Here, the Pearson's r was found to be 0.41, indicating a weak association between grader data. Although the overall analyses were able to demonstrate statistically significant differences between control and ketamine-treated samples, the poor inter-grader agreement underscores the subjectivity of the scoring method used.
3D Reconstructions of mitochondria from SBF-SEM image stacks
Based on the TEM data, a representative control and ketaminetreated sample were selected for SBF-SEM analysis. Image stacks comprising at least 10 µm through a neuron were collected at a slice thickness of 50 nm. After data acquisition and image pre-processing, the contours of individual mitochondria were segmented and reconstructed, after which each one was randomly colorized for comparative contrast (Fig. 3) . A neuronal cell from a control animal, 198 mitochondria were thus identified and colorized; in the ketaminetreated cell, 255 mitochondria were identified and colorized. Due to the large number of mitochondria in the ketamine-treated neuronal cell, only a portion of the mitochondrial population contained in the 10 µm stack was segmented because the total number of mitochondria was much higher than that of the control cell. In the control neuronal cell, mitochondria were mostly elongated with many forming networks with neighboring mitochondria (Fig. 3A) . After ketamine treatment, spherical and discrete mitochondria were prevalent in tightly packed groups (Fig. 3B ). The differences in mitochondria shape are more evident in the animations of the control and ketamine data sets (Movie S1 and S2, respectively). Mitochondria were further analyzed by quantifying surface area and volume and performing regression analysis (Fig. 4) . Analysis of the fitted model indicates that γ and δ were significantly different from 0 (p < 2 × 10 -16 ). Thus, the null hypotheses were rejected, meaning that the regression lines for control and ketamine have significantly different intercepts and slopes. Results of the regression analysis demonstrate that ketamine-exposed mitochondria have larger volumes per unit surface area than do control mitochondria. Supplementary material related to this article can be found online at doi:10.1016/j.yexcr.2018.10.009.
Discussion
Since mitochondria may be the initial and most vulnerable target of anesthesia-induced impairment of neuronal development [19, [41] [42] [43] 7] , this study sought to elucidate the alterations in mitochondrial ultrastructure that occur in vivo in the immature rat brain after exposure to ketamine during the brain growth spurt that occurs in early post-natal life. The ketamine administration schedule was chosen due to the extensive apoptotic effects (e.g., activated caspase-3) observed in the PND-7 rat frontal cortex in a previous study [18] . In contrast to biochemical readouts of apoptosis, there has been much controversy surrounding the definition of the ultrastructural features of apoptotic mitochondria using TEM micrographs. Two general mechanisms for the release of pro-apoptotic proteins from the mitochondria have been proposed. One involves osmotic imbalance leading to mitochondrial swelling and eventually rupture of the outer membrane, and the other involves the opening of transmembrane channels to release cytochrome c in the absence of mitochondrial swelling [44] . Most often, apoptotic mitochondria are qualitatively identified by their vacuous inner matrix in "representative" TEM micrographs [45] . In the present study, the severity of mitochondrial inner membrane damage was graded in multiple neurons in an attempt to quantify this apoptotic effect, with the assumption that swelling is indeed an apoptotic feature. The results suggest that there are significantly more swollen mitochondria in neurons from ketamine-treated animals than in neurons from saline treated control animals. This finding was significant even though the grading method used is clearly subject to observer bias. Here, mitochondrial swelling was defined as a lack of cristae organization and staining of the matrix. Typically, the term "swelling" implies that an increase in the overall mitochondrial volume, but due to the 2D nature of TEM, accurate measurements of mitochondria size are not possible. In addition, sampling issues (i.e., thin sections) make it difficult to obtain an accurate representation of the mitochondrial population within a cell in a TEM micrograph.
It should be mentioned that mitochondrial enlargement and/or mitochondrial swelling are also important characteristics of neuronal necrosis [46] . Mitochondrial regeneration in neurons depends on balancing two opposing processes, mitochondrial fusion and fission. An imbalance can lead to mitochondrial enlargements if fusion dominates, or fragmentation if fission dominates [47] . Enlargement of mitochondria is thought to represent advanced stages of neural damage. In this study, representative cytoplasmic damage (after ketamine exposure) characterized by the typical mitochondrial enlargement was analyzed. Consistent with previous reports [19, [41] [42] [43] 46, 7] , current data indicate that the characteristics of an excitotoxic insult that lead to necrosis and apoptosis are not clear cut and may depend on the dose of the anesthetic, the duration of exposure, the receptor subtype activated, and the cell type, as well as its stage of development or maturity. In general, a mild insult, given sufficient time, will result in apoptosis; whereas, a more severe insult will lead to necrotic cell death but, in most cases, presents with features characteristic of both.
To supplement the 2D TEM data and to characterize potential mitochondrial fusion and fission issues, SBF-SEM was employed in this study to generate 3D information from mitochondria. Instead of imaging a thin section of sample as in conventional TEM, SBF-SEM enables acquisition of a stack of SEM micrographs in situ, allows data for an entire cell to be sampled in one session and allows for subsequent 3D reconstruction and analysis. Mitochondrial reconstruction then simply requires identification and demarcation of the mitochondria, a process that enjoys much less subjectivity than severity grading of TEM ) for control (blue; n = 198) and ketamine-treated (red; n = 255) mitochondria shown in Fig. 3 . The black line is the model fit of pooled data (control and ketamine together) for comparison purposes.
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Experimental Cell Research 373 (2018) [164] [165] [166] [167] [168] [169] [170] micrographs does. Surface area and volume measurements of mitochondrial contours revealed that mitochondria from ketamine-treated animals tend to have larger volumes per unit surface area than those of mitochondria from saline control animals, confirming observations of significant mitochondrial swelling as assessed using TEM. However, due to the state of the technology, only one neuron per treatment group was analyzed using SBF-SEM. Segmentation of the sections is entirely manual, which makes for a laborious and time-consuming process. Unless the segmentation workflow can be greatly facilitated, small sample sizes for SBF-SEM data sets, which are typical in the field of electron microscopy, will remain the norm. In order to overcome this limitation, crowdsourcing efforts have been utilized for projects such as The Eyewire Project (www.eyewire.org), which turns manual segmentation of neurons in SBF-SEM datasets of the human retina into an online computer game [39] . Another possible solution to this problem may be provided by the use of selective staining techniques. If mitochondria are more electron dense compared to background, discrimination based on threshold procedures can be applied to isolate the mitochondrial networks automatically. Nevertheless, the mitochondria sample size for each cell in the present study exceeds the minimum sample size of 106 for two independent predictors (surface area and treatment) in multiple regression analysis [48] . However, SBF-SEM can furnish a 3D model of all segmented mitochondria in a single cell. The 3D model suggests that mitochondria from a saline control treated animal exist in elongated networks, while mitochondria from a ketamine-treated animal appear to exist as fragments of these networks. These observations are consistent with those from previous reviews of mitochondrial fission during apoptosis [27, 33, 40, 49] . In a healthy neuron, mitochondria actively fuse and divide to maintain and protect the bioenergetic capacity of the cell, often forming networks to facilitate communication and distribution across long distances (e.g., axons) and to the synapses. In contrast, mitochondrial fission seems to be a hallmark of apoptotic cell death, possibly due to bioenergetic failure [49] , and occurs after translocation of pro-apoptotic BAX from the cytosol to the mitochondria and release of cytochrome c [33] .
To support these interpretations, linking structure to function is a next logical step. A common metric of mitochondrial (dys)function is the enzymatic activity of the electron transport system (ETS). Measuring the activities of complexes I-IV has proven to be problematic due to limited sample volumes and heterogeneous cell populations. Mitochondria harvested and purified from the frontal cortex of the PND-7 rat brain produce small, impractical volumes needed for the high-throughput ETS assays. Even though apoptotic neurodegeneration is suspected of being widespread in that region of the brain, it does not necessarily follow that every neuron will be affected and this is evident from our previous immunohistochemistry work [1, 18, 19] . Preliminary results from mitochondrial ETS assays, which are considered to be bulk experiments [50] , have been misleading due to the fact that they were measures of the activity of a sample containing only a small subpopulation of apoptotic neurons as a blended average parameter (T. Eustaquio, unpublished observations). Because samples obtained in vivo are typically heterogeneous, enrichment and subsequent assessment of only the apoptotic neuronal subpopulation would be challenging. Correlated microscopy, where immunohistochemical analysis is combined with SBF-SEM, may be able to capitalize on the association of common fluorescent markers of apoptotic mitochondria (e.g., ΔΨ m depreciation, cytochrome c release, BAX translocation) with 3D ultrastructure in the same cells without the need for enrichment.
Previous in vivo studies have shown that lower, and perhaps more clinically relevant doses of ketamine (1, 3, or 6 injections of 5 or 10 mg/ kg, or 1 or 3 injections of 20 mg/kg) did not produce significant neurotoxic effects as measured by caspase-3 immunostaining and FluoroJade C staining [18] . However, neuronal mitochondria are known to defend against toxic insults by transforming their ultrastructure to thwart apoptotic cell death. If, for example, an individual mitochondrion is injured or begins to malfunction, it may fuse with neighboring mitochondria to prevent wide scale damage to the neuron and to maintain a sufficient level of energy production [51] . Ultrastructural analysis of such mitochondria may provide insight into how the brain may be protected from ketamine-induced neurotoxicity. Similarly, co-administration of ketamine with drugs that are known to have protective properties against its neurotoxic side effects (e.g., midazolam [52] , nicotinamide [53] , L-carnitine [41] , 7-nitroindazole [22] ) can also be studied in this manner, where the defense mechanisms underlying the protective qualities of these agents can be elucidated at the ultrastructural level.
Taken together, these data suggest that ketamine treatment results in swollen mitochondria and fragmentation of the mitochondrial network in immature neurons in the PND-7 rat frontal cortex, providing ultrastructural evidence of ketamine's proposed mechanism of neurotoxicity in the developing rat brain.
